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ABSTRACT 
Operat ing c h a r a c t e r i s t i c s  f o r  a ll&-mm bore  cy  l i n d  r c a l  r o l l e r  b e a r i n g  
were c a l c u l a t e d  u s i n g  t h e  computer program CYBEAN. The p r e d i c t e d  r e s u l t s  of 
* innerand o u t e r r a c e  t empera tu res  and h e a t  t r a n s f e r r e d  t o  t h e  l u b r i c a n t  gen- 
9 
0 
A e r a l l y  compared w e l l  w i t h  exper imenta l  d a t a  f o r  s h a f t  speeds  t o  3 m i l l i o n  D N  
( 25  500 rpm) , r a d i a l  l o a d s  t o  8900 N (2000 l b )  and t o t a l  l u b r i c a n t  f l a w  
3 
rates t o  0.0102 m /min (2.7 gal jmin) .  
INTRODUCTION 
For t h e  l a s t  s e v e r a l  y e a r s ,  t r e n d s  i n  g a s  t u r b i n e  d e s i g n  have i n d i c a t e d  
t h a t  f u t u r e  a i r c r a f t  e n g i n e s  may r e q u i r e  b e a r i n g s  t h a t  c a n  o p e r a t e  r e l i a b l y  
a t  ON v a l u e s  of  3 m i l l i o n  o r  h i g h e r  11-31 ( t h e  speed parameter  DN is t h e  
bea r ing  bore  i n  mi l? . imeters  m u l t i p l i e d  by t h e  s h a f t  speed i n  rpm). Conse- 
quen t ly ,  t h e r e  h a s  been a l a r g e  amount of  work done i n  t h e  a r e a  of  high- 
speed bea r ings  i n  r ecen t  years.  Success fu l  o p e r a t i o n  of  b a l l  bea r ings  a t  3 
m i l l i o n  DN Mas repor ted  [4,5]. R o i l e r  bea r ings  were opera ted  t o  3 m i l l i o n  
DN [3,61. 
The q u e s t i o n  of how t o  d e s i g n  bea r ings  f o r  high-speed a p p l i c a t i o n s  i s  
i n c r e a s i n g l y  being answered by computer s t u d i e s  13,71. There a r e  c u r r e n t l y  
s e v e r a l  comprehensive computer programs i n  u s e  t h a t  a r e  c a p a b l e  o f  p r e d i c t -  
ing  r o l l i n g  bea7-ing o p e r a t i n g  and performance c h z r a c t e r i s t i c s  (e.g. ,  
[8-131). These programs g e n e r a l l y  accep t  i n p u t  d a t a  of bea r ing  i n t e r n a l  
geometry ( such  a s  s i z e s ,  c l e a r a n c e ,  and concact  a n g l e s ) ,  bea r ing  m a t e r i a l  
and lubr ican t  propert  ies, and bearing operat ing condi t ions  ( load, speed, and 
ambient t q r a t u r e ) .  The programs then  so lve  s e v e r a l  sets of equat ions 
that c h a r a c t t r i t e  rolling-element bearings. The output  produced t y p i c a l l y  
c o n s i s t s  of rolling-element loads and k r t r  'stresses, opera t ing  contac t  
angles,  component speeds, hea t  generation, l oca l  temperatures, bearing 
f a t i g u e  l i f e ,  and power lose. I n  (141, d a t a  vere published which compared 
computer p red ic t ions  wi th  a c t u a l  b a l l  bearing performance. However, l i t t le  
d a t a  has  been published which compare computer p red ic t ions  with a c t u a l  cy- 
l i n d r i c a l  r o l l e r  bearing performance. 
As reported i n  18-10), a coeputer  program c a l l e d  CYBEAN has recent ly  
been developed f o r  a n a l y s i s  of high-speed c y l i n d r i c a l  r o l l e r  bearings. It 
is therefore  t h e  ob j ec t ive  of t h e  work reported he re in  t o  compare t h e  values  
of inner- and outer-race temperatures, cage speed, and heat  t r ans fe r r ed  t o  
t he  l ub r i can t  ca lcu la ted  using t h e  computer program CYBEAN, with t h e  
corresponding experimental da t a  f o r  t h e  118-mil l imeter  bore bearing 
described i n  [ 6 ] .  
BEARING TEST DATA 
The experimental d a t a  used f o r  comparison purposes i n  t h i s  repor t  were 
i n i t i a l l y  reported i n  [ 6 j .  I n  t h i s  reference,  a l a r g e  bore r o l l e r  bearing 
was t e s t e d  a t  speeds up t o  3 mi l l i on  DN, loads up t o  8900 N (2000 lb )  and 
with t o t a l  o i l  flow r a t e s  up t o  0.0102 cubic  meters  pe r  minute 
(2.7 ga l l a in ) .  Lubricat ion was provided t o  t h e  test bearing through a x i a l  
grooves under t he  i nne r  race  with small  r a d i a l  ho les  through t o  t h e  r o l l i n g  
elements. The inner  r ing was a l s o  cooled by o i l  flowing through a x i a l  
grooves t h a t  d i d  not  have any r a d i a l  holes. About one-half of the  t o t a l  o i l  
introduced t o  t h e  inner  r i n g  was used f o r  cool ing o n l y .  
The l u b r i c a n t  used  was a tetraester, t y p e  11 o i l  q u a l i f i e d  t o  t h e  
MIL-L-23699 s p e c i f i c a t i o n .  The major p r o p e r t  ies o f  t h e  o i l  are l i s t e d  i n  
Tab le  1. The b e a r i n g  tester is d e s c r i b e d  i n  d e t a i l  i n  (61. 
The test b e a r i n g  was a r o l l e r  b e a r i n g  w i t h  a 118-millimeter bore ,  a 
f l a n g e d  i n n e r  r i n g ,  and 28 rollers, e a c h  12.65 m i l l i m  ters (0,4979 in.)  
d i a n e t e r  by 14.56 millipeters (0.573 in.  long. More comple t e  s p e c i f  i ca -  
t i o n s  a r e  shown i n  Tab le  2. 
O i l  i n l e t  t empera tu re  was h e l d  c o n s t a n t  a t  366 K ( 2 0 0 ~  F). Accura t e  
measurement o f  b e a r i n g  o i l  i n l e t  and o u t  let t e m p e r a t u r e s  a l lowed determina- 
t i o n  o f  t h e  amount o f  h e a t  t r a n s f e r r e d  t o  t h e  l u b r i c a n t  a t  any o p e r a t i n g  
c o n d i t i o n .  Data were recorded a t  b e a r i n g  l o a d s  o f  2220, 4450, bbIO, and 
8900 N (500, 1000, 1500, and 2000 l b ) ,  and a t  s h a f t  s p e e d s  o f  1 0  000, 
15 000, 20 000, and 25 500 rpm. The t o t a l  o i l  f l o w  r a t e s  t o  t h e  i n n e r  r i n g  
v a r i e d  from 0.0019 t o  0.0102 c u b i c  meter p e r  minute  (0 .5  t o  2.7 gal /min).  
THE W R J T E R  PROGRAM 
The comprehensive computer  program CYBEAN, f o r  a n a l y s i s  o f  a s i n g l e  
c y l i n d r i c a l  r o l l e r  b e a r i n g ,  is  comple t e ly  d e s c r i b e d  i n  [a-10). T h i s  program 
is c a p a b l e  o f  c a l c u l a t i n g  t h e  the rma l  and k inemat i c  performance o f  
high-speed b e a r i n g s  and i n c l u d e s  a r o l l e r  skew p r e d i c t i o n  f o r  mi sa l igned  
cond i t ions .  The c a l c u l a t i o n s  i n c l u d e  d e t e r m i n a t i o n  o f  i n n e r  and o u t e r r i n g  
t empera tu re s ,  o i l  o u t l e t  t e m p e r a t u r e s ,  c a g e  speed ,  and b e a r i n g  pover  l o s s .  
Use o f  CYBEAN t o  p r e d i c t  b e a r i n g  performance r e q u i r e s  as  i n p u t  311 esti- 
mate of  t h e  volume p e r c e n t  o f  t h e  b e a r i n g  c a v i t y  t i ta t  i s  occupied  by t h e  
l u b r i c a n t .  The b e a r i n g  c a v i t y  i s  d e t i n e d  as t h e  s p a c e  between t h e  Inne r -  
and o u t e r - r a c e s  t h a t  is n o t  occup ied  by t h e  cage  o r  t h e  r o l l i n g  elements .  
The a u t h o r s  o f  [ 9 ]  recommended t h a t  t h e  v a l u e s  used  b e  l e s s  t h a n  5 p e r c e n t .  
When CYBIAN is a l s o  used f o r  a thermal  a n a l y s i s ,  a d d i t i o n a l  inpu t  is 
requ i red ,  s i n c e  a11 t h e  thermal  nodes  r u s t  be de f ined .  The maximum number 
of nodes permit ted  is 100. For  t h i s  i n v e s t i g a t i o n ,  41  nodes were used,  
inc lud ing  19 i n  t h e  l u b r i c a n t  system, as shown i n  Fig.  l(a). L a t e r  f o u r  
meta l  node* were added (caus ing  t h e  two known-temperature nodes to  be 
renumbered) as shown i n  Fig. l (b) .  
lESULTS AND DISCUSSION 
To e f f e c t  t h e  d i r e c t  comparison of  p r e d i c t e d  and exper imenta l  bea r ing  
performance, t h e  computer program was g e n e r a l l y  run a t  t h e  s t a t e d  o p e r a t i n g  
c o n d i t i o n s  o f  t h e  bea r ing  t e s t e d  (61. A l l  combinations o f  load,  speed and 
f low rate were not  computed, because they  a r e  n o t  a l l  necessa ry  f o r  compari- 
son purposes  and would r e q u i r e  unnecessary computer time. Therefore ,  t h e  
e f f e c t  of load was c a l c u l a t e d  us ing  one speed (20  000 rpm), t h e  e f f e c t  of 
speed w a s  determined us ing  o n e  load  (8900 N (2000 l b ) )  and t h e  e f f e c t  of  
f low r a t e  was observed u s i n g  one load and two speeds  (8900 N (2000 l b ) )  and 
( 2 0  000 and 25 500 rpm). 
E f f e c t  of Lubr icant  Volume 
To determine how t h e  r a c e  temperatures  and b e a r i n g  hea t  g e n e r a t i o n  vary 
w i t h  t h e  va lue  assumed f o r  pe rcen t  l u b r i c a n t  i n  t h e  bear ing c a v i t y ,  t h e  
program was run f o r  s e v e r a l  v a l u e s  of t h i s  volume percen t  a t  t h e  4450 N 
( 1000 l b )  , 20 000 rpm cond i t ion .  The t o t a l  o i l  f low r a t e  chosen was 0.0057- 
cub ic  meter  p e r  minute (1.5 gal/min).  The r e s u l t s  a r e  shown i n  Fig. 2. 
Note t h a t  i n  a l l  t h e  f i g u r e s  i n  t h i s  r e p o r t ,  t h e  c a l c u l a t e d  va lues  a r e  a l -  
ways j u s t  connected wi th  s t r a i g h t  l i n e  segments. A l s o  shown a r e  t h e  c o r r e -  
sponding exper imenta l  d a t a  po in t s .  
The r a c e  temperatures  (Fig. 2 (a ) )  inc reased  w i t h  i n c r e a s i n g  l u b r i c a n t  
volume. Th i s  would be expected s i n c e  t h e  f  l u i d  d r a y  o n  t h e  r o l l e r s  and t h e  
cage  would i n c r e a s e  w i t h  t h e  amount of l i q u i d  a v a i l a b l e .  Over t h e  f u l l  
range o f  5 percen t  o i l  volume, t h e  temperature  changes seem t o  be l i n e a r  and 
no t  t o o  l a r g e ,  about 5 percent  a t  t h e s e  cond i t ions .  
The t o t a l  hea t  genera ted  i n  t h e  bea r ing  (Fig .  2 ( b ) )  increased w i t h  in-  
c r e a s i n g  l u b r i c a n t  volume. These changes were a l s o  l i n e a r  bu t  t h e  t o t a l  
change i n  h e a t  g e n e r a t i o n  o v e r  t h e  volume range w a s  a  more s i g n i f i c a n t  50 
percent.  S i n c e  Ref. 6 i n c l u d e s  d a t a  on hea t  t r a n s f e r r e d  t o  t h e  l u b r i c a n t  
( a s  a n  i n d i c a t i o n  o f  t h e  power l o s s  w i t h i n  a bea r ing) ,  t h i s  type  of  d a t a  was 
c a l c u l a t e d  from t h e  computer p r e d i c t e d  o i l - o u t l e t  temperature  and is also 
shown in Fig.  2(b). The amount o f  hea t  t r a n s f e r r e d  t o  t h e  o i l  c l o s e l y  f o l -  
lows t h e  amount of h e a t  genera ted i n  t h e  bearing.  Over t h i s  range of volume 
p e r c e n t ,  t h e  amount of  h e a t  t r a n s f e r r e d  t o  t h e  l u b r i c a n t  is  about 90 percen t  
cf t h e  h e a t  genera ted  i n  t h e  bearing.  Based on t h e  exper imenta l  d a t a  f o r  
t h i s  t e s t  c o n d i t i o n ,  t h e  range of  volume percen t  from 1 t o  5 percen t  is  ade- 
q u a i e  f o r  t h e  o u t e r r a c e  temperature  and t h e  hea t  t r a n s f e r r e d  t o  t h e  o i l .  
The c a l c u l a t e d  inner-race temperature remained below t h e  exper imenta l  va lue  
f o r  t h e  whole volume range. 
E f f e c t  of  Bearing Load and Speed 
The computer program was run t o  determine t h e  e f f e c t  of bea r ing  load on 
r a c e  temperature  and h e a t  genera t ion.  C a l c u l a t i o n s  were made wi th  a l u b r i -  
c a n t  f low r a t e  of 0.0057 cub ic  meter  p e r  minute (1 .5  gal /min)  f o r  two l u b r i -  
c a n t  volumes ( 2  and 3%),  and a s h a f t  speed o f  20 000 rpm. The r e s u l t s ,  
compared wi th  exper imenta l  d a t a ,  a r e  shown i n  Fig. 3 f o r  r a d i a l  loads  f r o m  
2220 t o  8900 N ( 500  t o  2000 lb ) .  The p r e d i c t e d  r a c e  temperatures  (F ig .  
3(a)) increase very s l i g h t l y  over  t h e  load range and t h e  experimental values  
a n  p r a c t i c a l l y  constant.  While t h e  outel-race temperatures compare f a v o r  
ably,  t he  predicted inner-race temperatures remain about 10 percent lower 
than t h e  t e s t  valuea. The amount of hea t  t r ans fe r r ed  t o  t h e  o i l ,  p red ic ted  
using t h e  lubr ican t  volume of 2 percent ,  compares very w e l l  wi th  t h e  t e s t  
da t a  (Fig. 3(b) 1. 
The e f f 5 c t  of s h a f t  speed was observed by using t h e  program with an 
8900 N (2000 l b )  load f o r  s e v e r a l  va lues  of s h a f t  speed. The flow r a t e  was 
set a t  0.0057 cubic meters pe r  minute (1.5 gal/min) and the  lubr ican t  volume 
a t  2 percent. The r e s u l t s  a r e  shown i n  Fig. 4 f o r  s h a f t  speeds from l G  000 
t o  25 500 rpm (1.2 t o  3.0 mi l l i on  DN). The pred ic ted  values  of  o u t e r r a c e  
temperature (Fig.  4(a))  compared t o  t he  experimental da ta ,  a r e  s l i g h t l y  high 
a t  t h e  lower speeds and s l i g h t l y  low a t  t h e  higher  speeds. The pred ic ted  
i n n e r r a c e  temperature, f a i r l y  c lo se  t o  t h e  experimental da t a  a t  t h e  lower 
speeds, becomes very low a t  t h e  h igher  speeds. The hea t  t r ans fe r r ed  t o  t h e  
o i l ,  however, a s  predicted by the  program compared very w e l l  wi th  the  
experimental values  over  t h e  wh)le speed range (Fig.  4(b)) .  It is the re fo re  
apparent t h a t  t h e  ca l cu l a t i ons  f o r  t h e  t o t a l  bear ing heat generat ion seem t o  
be c o r r e c t ,  but t h a t  i n s u f f i c i e n t  hea t  t r a n s f e r  i s  pred ic ted  t o  t h e  i nne r  
race a t  t he  higher speeds. A t  t h i s  po in t  i t  is  not  c l e a r  whether t h e  d i s -  
crepancy with t he  i n n e r r a c e  temperature is  a problem of using a proper 
thermal model, o r  of using proper input  data.  
Ef fec t  of Lubricant Flow Rate 
Since the  o i l  flow r a t e  can have a s i g n i f i c a n t  e f f e c t  on bear ing tem- 
pera ture  and power l o s s ,  t h e  computer program was run over  a range of o i l  
flow r a t e s  from 0.0038 t o  0.0102 cubic meter per  minute (1.0 t o  2.1 gal/min) 
f o r  s e v e r a l  va lues  of Lubricant  volume percent .  C a l c u l a t i o n s  were made a t  
8900 N (2000 l b )  load f o r  both  20 000 and 25 500 rpm. The r e s u l t s  a r e  shown 
i n  Figs. 5 and 6. The c a l c u l a t e d  t r e n d s  a r e  i n  t h e  r i g h t  d i r e c t i o n ,  t h a t  
is, t h e  r a c e  temperatures  a r e  reduced by i n c r e a s i n g  t h e  o i l  f low r a t e ,  f o r  
t h e  va lues  of  l u b r i c a n t  volume shown. The c a l c u l a t e d  o u t e r r a c e  tempera- 
t u r e s  f o r  20 000 rpm (Fig.  %a)) a r e  reasonab le  f o r  volumes o f  2 o r  4 p e r  
c e n t ,  whi le  t h e  c a l c u l a t e d  inner- race  temperatures  remain low o v e r  t h e  en- 
t i r e  f low r a t e  range. The computed h e a t  t r a n s f e r r e d  t o  t h e  o i l  (Fig .  5( b)) 
a t  20 000 rpm compares f a i r l y  w e l l  w i t h  t h e  test d a t a  o v e r  t h e  f low range 
f o r  t h e s e  t w o  set v a l u e s  of  l u b r i c a n t  volume. The comparisons a t  25 500 rpm 
(Fig.  6 )  a r e  very s i m i l a r  t o  t h o s e  of 20 000 rpm (Fig.  5 ) .  From t h e s e  f i g -  
u res ,  i t  is n o t  c l e a r  how t h e  l u b r i c a n t  volume should  vary w i t h  f low rate. 
The ou te r - race  temperature  comparison would i n d i c a t e  t h a t  t h e  volume percen t  
should dec rease  w i t h  f l o w  r a t e .  A comparison of  t h e  h e a t  t r a n s f e r r e d  t o  t h e  
l u b r i c a n t  s u g g e s t s  t h a t  t h e  l u b r i c a n t  volume should i n c r e a s e  w i t h  f low 
r a t e .  More work needs t o  be done i n  t h i s  a rea .  
E f f e c t s  of  Miscellaneous Input  Data 
Severa l  c a l c u l a t i o n s  were made i n  a n  e f f o r t  t o  d e t e c t  any e r r o r s  i n  
d a t a  inpu t  o r  thermal  modelling. The program was run a t  t h e  8900 N 
(2000 l b ) ,  25 500 rpm c o n d i t i o n  w i t h  a f low r a t e  o f  0.0102 c u b i c  mete r s  p e r  
minute ( 2 . 7  gal/min).  The convergence c r i t e r i o n  (used wi th  a n  i t e r a t i v e  
procedure t o  determine when a s o l u t i o n  h a s  been reached-explained i n  de- 
t a i l  i n  j9)) was changed from 0.1 t o  0.05 and 0.01 and t h e  c a l c u l a t e d  
temperatures  remained t h e  same. A bear ing  misalignment of 5 minutes  was 
assumed, and t h e  r a c e  temperatures  changed on ly  1 Kelvin. An a d d i t i o n a l  
300 w a t t s  h e a t  g e n e r a t i o n  was a r b i t r a r i l y  added t o  nodes 1 and 3 ( s h a f t  
ends,  see Fig. l ( d )  ( I n  c a s e  t h e  support  bea r ing  heat  g e n e r a t i o n  was not  
proper ly  accounted fo r ) .  While t h i s  managed t o  r a i s e  t h e  i n n e r r a c e  
temperatures 3 Kelvin,  t h e  temperature of nodes 1 end 3 became unacceptably 
high, 610 K (638' F). The nodal s t r u c t u r e  was changed s l i g h t l y  by adding 
f o u r  nodes, two on t h e  s h a f t  and two on  t h e  i n n e r  r i n g  a d a p t e r  ( a s  shown i n  
Pig. l (b ) ) .  The r e s u l t i n g  c a l c u l a t e d  temperatures  d i d  n o t  change. The 
va lue  of t h e  hea t  t r a n s f e r  c o e f f i c i e n t  r e l a t i n g  t h e  r o t a t i n g  s h a f t  and i n n e r  
r i n g  a d a p t e r  t o  t h e  a i r  i n  t h e  r i g  c a v i t y  (e.g., from node 41 t o  node 21, 
Fig. l ( b ) )  was changed from 981 t o  170 w a t t s  p e r  square  meter-degree C. The 
i n n e r r s c e  temperature change 1 Kelvin. It was concluded t h a t ,  s i n c e  none 
of t h e  above items had any s i g n i f i c a n t  e f f e c t  on t h e  bear ing  race  
temperatures,  t h e  i n n e r r a c e  temperatures  were mostly a f  f e c t e d  by t h e  
bear ing '  s i n t e r n a l l y  generated heat. 
E f f e c t  o f  Diametral  Clearance 
One i tem t h a t  could  have a l a r g e  e f f e c t  on t h e  bear ing  h e a t  g e n e r a t i o n  
is  t h e  d iamet ra l  c lea rance ,  t h a t  i s ,  t h e  t o t a l  f r e e  movement of t h e  bear ing 
components i n  a r a d i a l  d i r e c t i o n .  I n i t i a l  c a l c u l a t i o n s  us ing t h e  o r i g i n a  1 
thermal nodes (Fig .  l ( a ) )  showed on ly  a smal l  change i n  i n n e r  r a c e  tempera- 
t u r e  from a c lea rance  of 0.12 m i l l i m e t e r  (maximum unmounted va lue)  down t o  
0.001 mil l imeter .  However, [ 6 ]  sugges t s  t h a t  a nega t ive  c lea rance  e x i s t s  a t  
25 500 rpm, so  a d d i t i o n a l  c a l c u l a t i o n s  were made, us ing  t h e  nodal s t r u c t u r e  
of Fig. l ( b ) ,  f o r  s e v e r a l  v a l u e s  of nega t ive  c learance.  The r e s u l t s  a r e  
shown i n  Fig. 7. The i n c r e a s e  i n  inner-race  temperature a s  t h e  c lea rance  i s  
lowered below z e r o  i s  dramat ic ,  and approaches t h e  experimental  value  c lose -  
l y  when t h e  c lea rance  is a minus O.U2 mil l imeter .  A t  t h i s  p o i n t ,  and for 
t h e  f i r s t  time, a l l  2 8  r o l l e r s  a r e  loaded a t  t h e  inner  r ing.  A t  minus 0.01 
millimeter c l e a r a n c e ,  1 3  of  t h e  r o l l e r s  were loaded a t  t h e  i irner race. 
There c a l c u l a t i o n s  i n d i c a t e  t h a t  i t  is  very l i k e l y  t h e  bea r ing  161 was in -  
deed o p e r a t i q  w i t h  a n e g a t i v e  c l e a r a n c e  a t  25 500 rpm. 
For  comparison purposes,  t h e  d a t e  af Fig. 6 were r e c a l c u l a t e d  us ing  a 
d iamet ra l  c l e a r a n c e  of minus 0.02 mi l l ime te r .  These r e s u l t s  a r e  shown i n  
Fig. 8. Both r a c e  temperatures  (Fig .  8 ( a ) )  and h e a t  t r a n s f e r r e d  t o  t h e  
l u b r i c a n t  (Pig. 8 (b ) ) ,  compare very  w e l l  w i t h  t h e  exper imenta l  data.  
Although t h e  computer program CYBEAN h a s  t h e  c a p a b i l i t y  o f  e v a l u a t i n g  
b e a r i n g s  w i t h  out-of-round o u t e r  raceways, t h e  program a t ' t h i s  p o i n t  d i d  n o t  
p r e d i c t  t h e  e f f e c t i v e  bea r ing  o p e r a t i n g  c l e a r a n c e  ( i -e . ,  t h e  d i a m e t r a l  
c l e a r a n c e  t h a t  would e x i s t  a t  o p e r a t i n g  speed and temperature).  S ince  i t  
became very ev iden t  t h a t  t h i s  was a n  important  parameter  f o r  h igh speed 
bea r ings ,  s u b r o u t i n e s  were added t o  CYBEAN t o  c a l c u l a t e  changes i n  d i a m e t r a l  
c l e a r a n c e  due t o  i n i t i a l  f i t s  and due  t o  temperature  and high-speed e f -  
f e c t s .  F u r t h e r  c a l c u l a t i o n s  were then  made u t i l i z i n g  t h i s  c a p a b i l i t y .  
The program CYBEAN was r u n  f o r  s e v e r a l  v a l u e s  o f  b e a r i n g  unmounted 
d i a m e t r a l  c l e a r a n c e  tu determine t h e  v a l u e s  of d i a m e t r a l  c l e a r a n c e  of t h e  
mounted bearir.g a t  o p e r a t i n g  speeds  and temperatures  c a l c u l a t e d  by t h e  pro- 
gram. Th i s  c l e a r a n c e ,  which does  no t  y e t  c o n t a i n  t h e  e f f e c t s  of  b e a r i n g  
load ,  o i l1  be c a l l e d  t h e  e f f e c t i v e  h o t  mounted d i a m e t r a l  c learance .  The 
b e a r i n g  c o n d i t i o n s  used were: 8900 N (2000 l b )  l o a d ,  25 500 rpm s h a f t  
speed,  0.0102 cub ic  mete r  p e r  minute (2 .7  gal/min) l u b r i c a n t  f low r a t e ,  and 
. 
a l u b r i c a n t  volume of 2 percent.  The i n i t i a l  s h a f t - i n n e r  r i n g  i n t e r f e r e n c e  
was s e t  a t  0.0712 m i l l i m e t e r  on t h e  diameter.  The r e s u l t s  a r e  shown i n  
Fig. 9. With t h e  a c t u a l  measured va lue  of 0.12 m i l l i m e t e r  f o r  c o l d ,  un- 
mounted d i a m e t r a l  c l ea rance ,  t h e  program p r e d i c t e d  about 0.03 m i l l i m e t e r  
remaining a s  t h e  e f f e c t i v e  ho t  mounted c l e a r a n c e  a t  o p e r a t i n g  cond i t ions .  
To o b t a i n  a nega t ive  e f f e c t i v e  c lea rance ,  c l o s e r  t o  t h e  value  of  minus 0.02 
m i l l i m e t e r  noted previously ,  a n  i n p u t  of only  0.09 m i l l i m e t e r  i n i t i a l  un- 
mounted c l e a r a n c e  had t o  be  used. Again, a t  t h i s  p o i n t ,  a l l  28  r o l l e r s  a r e  
i n  con tac t  w i t h  t h e  i n n e r  race.  I t  is i n t e r e s t i n g  t o  n o t e  t h e  l a r g e  change 
i n  f a t i g u e  l i f e  o f  t h i s  bea r ing  as t h e  c l e a r a n c e  g e t s  s m a l l e r  and t h e  number 
of r o l l e r s  i n  c o n t a c t  w i t h  t h e  i n n e r  r a c e  g e t s  l a r g e r .  A t  f i r s t ,  t h e  
f a t i g u e  l i f e  inc reases ,  and probably  becomes a maximum a t  j u s t  t h a t  p o i n t  
where a l l  2 8  r o l l e r s  a r e  f i r s t  i n  con tac t .  The f a t i g u e  l i f e  then  dec reases  
r a p i d l y  a s  t h e  t i g h t e r  c l e a r a n c e  causes  inc reased  stress. 
To check program p r e d i c t i o n s  a t  o t h e r  c o n d i t i o n s ,  CYBEAN was opera ted 
w i t h  an  i n p u t  of 0.09 m i l l i m e t e r  c o l d ,  unmounted d i a m e t r a l  c l ea rance  f o r  
s e v e r a l  v a l u e s  of l u b r i c a n t  f low ra te .  The f i r s t  c a l c u l a t i o n s  were f o r  the  
8900 N (2000 l b )  25 SO0 rpm c o n d i t i o n ,  whi le  t h e  second c a l c u l a t i o n s  were 
f o r  t h e  8900 N (2000 l b ) ,  20 000 rpm condi t ion.  The l u b r i c a n t  volume was 
2 percent .  The r e s u l t s  a r e  shown i n  Figs.  10 and 11. In  Fig. 10, t h e  pro- 
gram pred ic ted  r a c e  temperature  f o r  25 500 rpm s h a f t  speed t h a t  had t h e  cor -  
r F  c t  t r end  w i t h  l u b r i c a n t  f low r a t e  and were except  i o n a l l y  c l o s e  t o  t h e  ex- 
per imenta l  values.  The hea t  t r a n s f e r r e d  t o  t h e  o i l  (Fig .  10( b ) )  a l s o  com- 
pared w e l l  w i t h  t h e  exper imenta l  d a t a ,  al though t h e  va lae  a t  t h e  low flow 
r a t e  i s  almost two kW low. I n  Fig. 11, however, whi le  t h e  predic ted  t r e n d s  
were c o r r e c t  f o r  20 000 rpm, t h e  c a l c u l a t e d  inner- race  temperatures  were 
almost  30 Kelvin low. The o u t e r - r a c e  temperatures  compared f a i r l y  wel l .  
The h e a t  t r a n s f e r r e d  t o  t h e  o i l  (F ig .  l l ( b ; )  was a l s o  reasonably  c l o s e ,  a l -  
though a t  t h e  h i g h e s t  f low r a t e s  t h e  c a l c u l a t e d  va lues  were about 2 kW low. 
Two f i n a l  checks were ean'e with CYEEAN, using t h e  o r i g i n a l  cold un- 
mounted diametral  c learance of 0.12 mill imeter.  The f i r s t  check was with 
aevera l  loads a t  t he  low speed (10 000 rpm) condition. This  low speed con- 
d i t i o n  was chosen because of t h e  l a r g e  values  of  cage s l i p  ind ica ted  161. 
A l l  previous ca lcu la ted  values of cage s l i p  were l e s s  than 1 percent a t  
8900 N (2000 lb)  and up t o  3 percent a t  2220 N (500 lb) .  The experimental 
va lues  a t  t h e  higher speeds (20 000 and 25 500 rpm) were a l l  less than 
2 percent. The flow r a t e  was set a t  0.0102 cubic  meter p e r  minute 
(2.7 galjmin) and t h e  lubr ican t  volume a t  2 percent. The r e s u l t s  a r e  shown 
i n  Fig. 12. Here, t h e  i n n e r r a c e  temperature pred ic t ions  a r e  c l o s e  t o  t h e  
experimental values ,  and t h e  outer-race temperature predict  ions  a r e  about 
20 Kelvins higher  than the  corresponding data.  The ca lcu la ted  hea t  t rans-  
f e r r ed  t o  t h e  o i l  compares wel l  (Fig. 12(b)) ,  and were s l i g h t l y  higher  than 
the  t e s t  values. However, while t h e  t e s t s  indicated cage s l i p s  of over  46 
percent ,  f o r  t h e  e n t i r e  load range from 2220 t o  8900 N (500 t o  2000 l b ) ,  the 
corresponding predicted values  were a l l  less than 3 percent.  Without t h i s  
s l i p ,  t h e  experimental temperatures would have been somewhat higher ,  judging 
from (61, where t he  bearing temperatures var ied inverse ly  with cage s l i p .  
The ca lcu la ted  e f f e c t i v e  hot mounted diametral  c learance was about 0.08 
mill imeter.  
The second check was t o  run the  program a t  t he  high speed condi t ion 
(25 500 rpm) with 8900 N (2000 l b )  load, s e t  t h e  misalinsment angle  t o  
5 minutes, and s e e  i f  t h e  r e su l t i ng  skew would be s u f f i c i e n t  t o  change the  
predicted race temperatures s ign i f i can t ly .  This  ca l cu l a t i on  showed the  
i n n e r r a c e  temperature t o  be only 8 Kelvin higher  with skewing and the  
outer-race temperature was 3 Kelvin higher. The heat eransferred t o  the 
lubr icant  war t he  same. The ca lcu la ted  ef f e c t i v e  hot mounted clearance war 
about 0.03 millimeter. Since the  5 minute miralignraent angle i s  la rge  f o r  
t h i s  t e a t  r ig ,  it may be concluded t h a t  the prerence of misalinemcnt alone 
would not have been s u f f i c i e n t  t o  cause t h e  experimental i n n e r r a c e  tempera- 
t u r e s  t o  be so much higher than  ca lcu la ted  values. Since the  e f f e c t  of mir- 
alinement on bearing temperatures was small, and the  amount of computer time 
increased by a  f a c t o r  of 10, no f u r t h e r  ca l cu la t ions  were made with m i s -  
alinement . 
Rol le r  Loads, FilmThickness and Skew Angle 
While the main focus of t h e  work reported herein was t o  ca l cu la t e  bear- 
ing c h a r a c t e r i s t i c s  t h a t  were measured experimentally,  t he  program CYBEAN 
does provide calculated values of o the r  i tems of i n t e re s t .  Some of these 
are:  The EHD f i l m  thickness  a t  the  r o l l e r r a c e w a y  contac t ,  t he  individual  
ro l le r - race  contact  loads and s t r e s s e s ,  t he  roller-cage forces ,  and, with 
misalinement, t h e  r o l l e r f l a n g e  forces  and the  r o l l e r  -Lev and t i l t  angles. 
Several of these items a r e  shown i n  Figs. 13 t o  li. The ca lcu la t ions  were 
performed f o r  a sha f t  speed of 25 500 rpm, a r a d i a l  load of 8900 N 
3 (2000 l b ) ,  a  flow r a t e  of 0.0102 m /min, and a  lube volume of 2 perzent. 
The values of t he  EHD f i l m  thickness  f o r  t h e  most heavily loaded r o l l e r  
contact ,  calculated f o r  those condit ions of Fig. 9 a r e  shown i n  Fig. 13. 
The f i lm  thickness i s  p lo t ted  a s  a  funct ion of t h e  ca lcu la ted  e f f ec t ive  hot 
mounted clearance. Also shown i s  the corresponding r o l l e r  contact  load. In 
general ,  t he  f i l m  thickness  diminishes and the  contac t  loads increase rapid- 
l y  once the bearing clearance becomes negative and a l l  the r o l l e r s  a r e  i n  
contact with the inner  r ing ( s e e  Fig. 9). Other ca lcu la t ions  with a  f ixed 
diametral clearance a s  input  f o r  those same bearing operating condit ions 
( s e e  Fig. 7) i n d i c a t e  t h a t  t h e  f ilr t h i c k n e s s  changes very l i t t l e  as t h e  
c l e a r a n c e  i n c r e a s e s  from zero t o  0.12 mm. The corresponding o u t e r r i n g  con- 
t a c t  load con t inues  t o  i n c r e a s e  s l i g h t l y  and reaches 4000 N a t  0.12 ma 
clearance.  Likewise, t h e  i n n e r  r i o g  load  i n c r e a s e s  t o  2600 N at  0.12 mm 
clearance.  
The i n n e r  and o u t e r r i n g  c o n t a c t  l o a d s  f o r  each r a l l e r ,  c a l c u l a t e d  f o r  
t h e s e  same condi t ions  sre shown i n  Pig, 1 4  f o r  two va lues  cf hot  mounted 
clearance.  For t h e  0.031 rr c l e a r a n c e  bear ing ,  t h e r e  a r e  7 r o l l e r s  i n  con- 
t a c t  w i t h  t h e  i n n e r  r i n g  and t h e  remaining r o l l e r s  h a w  on ly  t h e  c e n t r i f u g a l  
loading a t  t h e  o u t e r  r ing ,  When a l l  28 r o l l e r s  a r e  i n  c o n t a c t  a t  t h e  c l e a r  
ance o f  -0.028 mm, t h e  maxi mu^ load is about t h e  same. However, a l l  t h e  
o t h e r  r o l l e r s  are c a r r y i n g  h e a v i e r  loads  a t  both  t h e  i n n e r  and o u t e r  r i n g s  
t h a n  wi th  t h e  p o s i t i v e  c learance,  When t h e  c l e a r a n c e  w a s  a t  a -0.039 mm, 
t h e  c o n t a c t  l o a d s  f o r  each ~f t h e  18 r o L i e r s  inc reased  by 1000 N a t  both  t h e  
i n n e r  and o u t e r  r ings.  The calcu1atic.n f o r  r , lese  same a p e r a t i n g  cond i t ions  
wi th  a 5 minute s i s a l i n e m e n t ,  where t h e  h o t  mounted c l e a r a n c e  was 0.U29 mm, 
showed l i t t le  change from t h e  c o n t a c t  l o a d s  of t h e  0,031 M c l e a r a n c e  curve,  
The program estimates of  t h e  r o l l e r c a g e  f o r c e s  a r e  shown i n  P i g ,  1 5  
f o r  t h r e e  combinations of ho t  mounted c l e a r a n c e  and misalinemerit angle.  A 
p o s i t i v e  f o r c e  means t h e  cage is  pushing t h e  r o l l e r .  With no misalinement 
the maximum cage f o r c e s  were a5out 10 N. For t h e  same c lea rance ,  wi th  a 
5 minute misalinement, t h e  cage i o r c e s  seemed t o  be a l l  very small. With a 
l a r g e  c lea rance  of 0.12 mm, however, and a 5 minute misalinement,  t h e  maxi- 
mum cage f o r c e  reached 25 N. These f o r c e s  a r e  of t h e  same o r d e r  of magni- 
tude a s  those  measured c x p e r i m n t a l l y  f o r  t h e  same s i z e  bear ing (15,161 (The 
s i g n  convention i n  [15,16] is  of  t h e  o p p o s i t e  s e n s e  t o  t h a t  used here) .  
The f l a n g e  a x i a l  f o r c e s  c a l c u l a t e d  f o r  t h e  same two cases w i t h  t h e  5 
minute  misa l inement  are shown i n  Fig .  16. These  f o r c e s  are s m a l l ,  a b o u t  t h e  
saw o r d e r  of magnitude as t h e  c a g e - r o l l e r  fo rces .  The i a r g e r  c l e a r a n c e  
bea r ing  shows less rol l e r f  l a n g e  c o n t a c t .  
The p r e d i c t e d  r o l l e r  skew a n g l e  f o r  t h e s e  same two c a s e s  is shown i n  
Fig.  17. I n  bo th  c a s e s ,  t h e r e  is a  n e g a t i v e  skew a n g l e  a t  t h e  l o a d  zone. 
Fo r  t h e  0.029 mn c l e a r a n c e  c a s e ,  t h e  remainder o f  t h e  r o l l e r s  e x h i b i t  a pos- 
i t i v e  skew a n g l e  o f  a b o u t  t h e  same s i z e .  With t h e  l a r g e  0.12 mm c l e a r a n c e ,  
however, t h e  remaining r o l l e r s  show e s s e n t i a l l y  zero skew. The skew a n g l e  
shown is t h e  a n g l e  o f  t h e  r o l l e r  r s l a t i w  t o  t h e  i n n e r  r i n g ,  and is c a l l e d  
t h e  r e l a t i v e  skew angle. The a n g l e  of  t h e  r o l l e r  r e l a t i v e  t o  t h e  o u t e r  
r i n g ,  c a l l e d  t h e  a b s o l u t e  skew a n g l e ,  would be  t h e  r e l a t i v e  a n g l e  p l u s  ( o r  
minus) t h e  amcunt of  t h e  misa l inement  p r e s e n t  a t  t h a t  p a r t i c u l a r  r o l l e r  pos- 
i t  ion. 
CONCLUDI NG REMARKS 
I n  g e n e r a l ,  t h e  CYBEAN computer  proyram a s  u t i l i z e d  p r e d i c t e d  v a l u e s  o f  
o u t e r r a c e  t empera tu re  and h e a t  t r a n s f e r r e d  t o  t h e  o i l  t h a t  compared reason-  
a b l y  w e l l  w i t h  t h e  co r re spond ing  expe r imen ta l  da t a .  However, t h e  c a l c u l a t e d  
v a l u e s  o f  i n n e r r a c e  t empera tu re  were u s u a l l y  somewhat low, e s p e c i a l l y  a t  
t h e  h i g h e r  s h a f t  speeds. The program d i d  n o t  p r e d i c t  t h e  h igh  cage  s l i p  
expe r i enced  (61 a t  t h e  lower  s h a f t  speeds.  T h i s  i s  p robab ly  t h e  r eason  t h e  
expe r imen ta l  t empera tu re s  were lower t h a n  t h e  c a l c u l a t e d  v a l u e s  f o r  t h o s e  
cond i t ions .  Neve r the l e s s ,  i t  shou ld  be no ted  t h a t  on t h e  b a s i s  of a b s o l u t e  
t empera tu re s  a 1  1 c a l c u l a  t o d  v a l u e s  w e  r e  w i t h i n  10-percent  o f  t h e  corresponci- 
ing expe r imen ta l  d a t a  and most were w i t h i n  5 p e r c e n t .  Cons ider ing  the. na- 
t u r e  of  h e a t  t r a n s f e r  c a l c u l a t i o n s ,  t h i s  is reasonab ry  c l o s e  c o r r e l a t i o n .  
The c a l c u l a t i o n s  performed show t h e  i m p o ~ t a n c e  of t h e  cf f e c t i v e  hot  
mounted d i a m e t r a l  c l e a r a n c e  f o r  u s e f u l  bea r ing  opera t ion.  Care . hould be 
t aken  t h a t  t h e  b e a r i n g  e f f e c t i v e  d iaa re t ra l  c l e a r a n c e  remains p o s i t i v e  a t  a l l  
o p e r a t i n g  c o n d i t i o n s  to  a s s u r e  o b t a i n i n g  a reasonable  ro l l ing-e lement  fa-  
t i g u e  l i f e  f o r  t h e  bearin&. 
A s  f o r  t h e  ba l ;  bea r ing  computer program SHABEKTH 112 1, t h e  l a r g e s t  
unknown q u a n t i t y  o f  t h e  i n p u t  d a t a  r equ i red  f o r  CYBEAN is t h e  volume percen t  
of l u b r i c a n t  i n  t h e  bea r ing  c a v i t y .  The v a l u e s  chosen f o r  t h e s e  c a l c u l a -  
t i o n s  were i n  t h e  range recotmuended (91. Fropp t h e  comparisons presented i n  
t h i s  paper, it can  be  conluded t h a t  t h e  v a l u e s  o f  pe rcen t  l u b r i c a n t  used a r e  
reasonably c o r r e c t  f o r  t h i s  program. However, j u s t  how t h e s e  v a l u e s  should 
vary wi th  o i l  f low rate and /o r  s h a f t  speed is  st  ill  n o t  c l e a r .  
SUHMRY OF KESOLTS 
The computer program CYBEAN was used t o  p r e d i c t  i n n e r  and o u t e r r a c e  
temperatures ,  cage speed, and h e a t  t r a n s f e r r e d  t o  t h e  l u b r i c a n t  f o r  a 
118-millieter bore  c y l i n d r i c a l  ro1le:- bear ing.  The r e s u l t s ,  c a l c u l a t e d  
o v e r  a range of o p e r a t i n g  c o n d i t i o n s ,  were compared wi th  exper imenta l  d a t a  
ob ta ined  previously .  The b e a r i n g s  were opera ted  a t  r a d i a l  l o a d s  o f  2220, 
4450, 6670, and 8900 N (500, 1000, 1509, and 2000 l b )  and a t  s h a f t  speeds  of 
10 000, 15 000, 20 000, and 25 500 rpm. The bea r ings  w e r e  l u b r i c a t e d  and 
cooled by flowing o i l  through and under t h e  i n n e r  race  a t  t o t a l  r a t e s  of 
0.0038 t o  0.0102 c u b i c  mete r  p e r  minute ( 1.0 t o  2.7 gal/min).  The o i l  i n l e t  
temperature  was maintc iaed c o n s t a n t  a t  366 K ( 2 0 0 ~  F). The fo l lowing  re- 
s u l t s  were obta ined:  
1. The c y l i n d r i c a l  r o l l e r  bea r ing  a n a l y s i s  computer program (CYBEAN) 
can p r e d i c t  ou te r - race  temperature  and t h e  amount of  heat  t r a n s f e r r e d  t o  t h e  
l u b r i c a n t  reasonably wel l .  
2. A t  t h e  h i g h e r  s h a f t  s p e e d s ,  t h e  c a l c u l a t e d  i n n e r - r a c e  t e m p e r a t u r e s  
were much l o v e r  t h a n  t h e  c o r r e s p o t ~ d i ~ ~ g  e x p e r i m e n t a l  d a t a ,  u n l e s s  t h e  e f f e c -  
t i v e  ho t  d i a m e t r a l  c l e a r a n c e s  were  set n e g a t i v e  about  0.02 millimeter. 
3. A b e a r i n g  c a n  o p e r a t e  w i t h  a n  e f f e c t i v e  h o t  mounted d i a m e t r a l  c l e a r  
a n c e  o f  z e r o  o r  less, b u t  t h e  c a l c u l a t e d  f a t i g u e  l i f e  d e c r e a s e s  r a p i d l y  once  
a l l  of the rollers are i n  c o n t a c t  w i t h  t h e  i n n e r  race .  
4. The computer  program d i d  n o t  p r e d i c t  t h e  h i g h  c a g e  s l i p  e x p e r i m n t -  
a l l y  o b t a i n e d  w i t h  t h e  r o l l e r  b e a r i n g  a t  low s h a f t  speeds.  
5. The computer  estimated v a l u e s  o f  r o l l e r - c a g e  f o r c e s  v e r e  o f  t h e  same 
o r d e r  o f  magnitude as  t h a t  o b t a i n e d  e x p e r i m e n t a l l y  f o r  t h e  same s i z e  bea r ing .  
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TABLE 1. - PROPERTIES OF TETRAESTER LUBRICANT [ S j  
Additives . . . . . . . . . . . . . .  Antiwear, ox ida t ion  i n h i b i t o r ,  
and antifoam 
Kinematic v i s cos i t y ,  cS, at - 
311K(100°F) .  . . . . . . . . . . . . . . . . . . . . . . .  28.5 
372K(210°F) ,  . . . . . . . . . . . . . . . . . . . . . . .  5.22 
477 K (4000 F). . . . . . . . . . . . . . . . . . . . . . . .  1.31 
' 
Spec i f i c  hea t  a t  477 K (400° F) . . . . . . . . . . . .  2340 (0.54) 
J/kg K; Btu / lb  OF 
. . . . . . . . . . . . .  Thermal conduct ivi ty  a t  477 K 0.13 (0.075) 
(400" €1, J / m  sec K; Btu/hr f t  OF 
Spec i f ic  g r av i ty  a t  477 K (400° F). . . . . . . . . . . . . .  0.850 
TABLE 2 . . HOLLER-BEARING SPEC IFICATIONS 
. 
Bore diaateter. ma ( i n  . . . . . . . . . . . . .  118 (4.6457) 
Raceway diameter. mm ( i n  . . . . . . . . . .  131.66 (5.1834) 
Flange diameter. srm (in.) . . . . . . . . .  137.47 (5.4122) 
. . . . . . . . . . . . .  Total width. wra ( i n  26.92 ( 1.060) 
Groove width. am ( i n  . . . . . . . . . . . . .  14.59 ( 0 .  5746) 
Flange angle. deg . . . . . . . . . . . . . . . . . . .  0.6 
I Outer race 
Outer diameter. mm ( i n  . 1. . . . . . . . . .  164.49 (6.4760) 
Raceway diameter. mm ( i n  . ) . . . . . . . . .  157.08 (6.1842) 
I 
Total width. n m ~  (in.) . . . . . . . . . . . . .  23.9 (0.942) 
Rollers 
. . . . . . . . . . . . . . *  Diameter. am ( i n  12.65 (0.4979) 
Length. rrm (in.):  
. . . . . . . . . . . . . . . . . .  Overall 14.56 (0.5733) 
Effective . . . . . . . . . . . . . . . . .  13.04 (0.5133) 
. . . . . . . . . . . . . . . . . . . .  Flat  8.40 (0.3307) 
. . . . . . . . . . . . . .  Crom radius. mn ( i n  ) 622.3 (24.5) 
. . . . . . . . . . . . . . . .  End radius. mm ( i n  ) 381.0 ( 15) 
Number . . . . . . . . . . . . . . . . . . . . . . . . . .  2 8  
Cage 
I Land diameter. UUII (in.) . . . . . . . . . .  137.95 (5.4312) 
Axial pocket clearance. mm ( in  . . . . . . . .  0.020 (0.0008) 
Tangential pocket clearance. im ( in.)  . . . .  0.221 (0.0087) 
Single r a i l  width. nm ( in . )  . . . . . . . . . . .  4.6 (0.18) 
-.-.-- 
I Bearing 
. I------. . 
. . . . . . .  ! Cold diarnetral clearance. mm ( i n  ) 0.12 (0.0047) 
. . . . . . . . . . . . . . . . . . .  AWUve6 Antiwear . oxid3tbn inhibib? . 
and antifoam 
Kinematic vhcoalty. cS, at . 
sli r (loo0 F) . . . . . . . . . . . . . . . . . . . . . . . . . . . .  28.5 
. . . . . . . . . . . . . . . . . . . . . . . . . . . .  sz K @lo0 F) 5-22 
4 T ? ~ f c o o ~ F )  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1.31 
wific beat nt 477 K (400' F) . . . . . . . . . . . . . . . . . .  2340 (0.54) 
~ h g ~ i  ~ l u / l b O ~  
l'hnnd conducUvig at 477 K ................ 0.13 (D.075) 
(coo0 F). ~ / m s e c ~ ;  h / h r f t ° F  
spec* gravity at a 7  K (roo0 F) ................... 0.850 
TABLE I1 . . IWLLER-BEARING SPECWICATODNS 
Inner race 
Bore dinmeter. mm (in.) ............. 118 (4.6457) 
Raceway diameter. mm (in.) . . . . . . . . .  131.66 (5.1834) 
Flange dameter. mm &.) .......... 137.47 (5.4122) 
TOM m'irihh. mm (in.) .............. 26.92 (1.060) 
Gnrove width, mm @I.) . . . . . . . . . . . .  . 1  4.59 (0.5746) 
Flmge Pagie. deg ..................... 0.6 
Outer race 
Outer diameter. mm Q.) .......... 164.49 (6.4760) 
Raceway d h e t e r  . mm @I.) ......... 157.08 (6.1842) 
Totd width . mm Q . )  ............. 23.9 9.942) 
Rollers 
mameter. mm (in.). . . . . . . . . . . . . . .  12.65 (0.4979) 
Length. mm (in . ): 
Overall . . . . . . . . . . . . . . . . . . .  14.56 (0.5733) 
Effective . . . . . . . . . . . . . . . . . . .  13.04 (0.5133) 
R.t . . . . . . . . . . . . . . . . . . . . .  8 . -40 (0.3307) 
C m  radius. mm (in.). . . . . . . . . . . . . .  622.3 (24.5) 
End radius . mm (in . ) . . . . . . . . . . . . . . . .  381.0 (15) 
Number . . . . . . . . . . . . . . . . . . . . . . . . . . .  28 
c ~ g e  
h d  diameter. mm (in.) . . . . . . . . . . .  137.95 (5.4312) 
Axial pocket clearance . mm (In.) . . . . . .  6.020 (0.00C8) 
Tangential pocket clearance. mm (in.). . . .  0.221 (0.0087) 
angle rail width . mm @I.) . . . . . . . . . . . . .  4.6 (0.18) 
b 




(a) Original nodal structure. 
------- 
----4---------------- 
(b) Revised nodal structure. 
Figure L - Nodal system used for thermal routines in CYBEAN. 
EXPER MENTAL CALCULATED 
(REF. 6) 
0 --- INNER RACE 
0 OUTER RACE 
460 
(a) RACE TEMPERATURES. 
TOTAL GENERATED IN BEARING 
TRANSFERRED TO LUSRICATING OIL 
TEST (REF. 6) ** 
I 
1 2 3 4 5 6 
LUBRICANT VOLUME, percent 
(b) HEAT GENERATED IN BEARING, OR TRANSFERRED TO 
LUBRICANT. 
Figure 2. - Calculated values of bearing operating characteris- 
tics as functions of lubricant volume fraction. Test data 
shown for comparison. Load, 4450 N (1000 Ib); shaft speed, 
20 000 rpm; lubricant flow rate, 0.0057 cubic meter per min- 
ute (1.5 gallmin). 
EXPERIMENTAL CALCULATED 
(REF. 6) 
0 --- INNER RACE 
0 OUTER RACE 
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(b) HEAT TRANSFERRED TO LUBRICATING OIL 
percent 
1 1 ;  0 0 
Figure 3. - Comparison of calculated and experimental values 
of bearing cperating characteristics as functions of radial 
load. Shaft speed, 20 000 rpm; lubricant flow rate, 0.0057 
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(a) Race temperatures. 
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Shaft speed, rpm 
(b) Heat transferred to lubricating oil. 
Figure 4. - Calculated and experimental values of bearing 
operating characteristics as a function of shaft speed. 
Load, 8900 N (MOO Ib); lubricant flow rate, 0.0057 cubic 









Test Calculated .- \. - - 4  
(ref. 6) 
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0 -Outer race 
380 --.l-A 
(b) Heat transferred to lubricating oil. 
(a) Race temperatures. 
Figure 5. - Calculated and experimental values of bearing 
operating characteristics as functions of total oil flow 




















4 6 10 12x10'3 
1 L  
3 Total oil flow rate, m lmin 
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Figure 6. - Calculated and experin~ental values of bearing 
operating characteristics as functions of total oil flow 
rate. Shaft speed, 25 500 rpm; radial load, 8300 N 
(2000 Ib). 
A Test (ref. 6 )  
- Calculated n 
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3 Total oil flow rate, m lmin 
TEST CALCUUTED 
(REF. 6) 
'r 0 --- INNER RACE 0 OUTER RACE 
a l l  I I I I I I I 
-.02 0 -02 -04 -06 . -10 -12 
DIAMETRAL CLEARANCE, mm 
Figure 7. - Cakulated race temperatures as a function d diame- 
tral clearance. Shaft speed, 25 500 rpm; radial load, 8900 N 
(MOO Ib); total oil flaw rate, 0 0102 cubic meter per minute 
(2.7 gallmin); lubricant wlur4,e, 2 percent Test values shown 
for comparison, plotted at maximum possiole ciearance. 
TEST CALCULATED 
(REF. 6) 
0 --- 0 INNER RACE 0 OUTER RACE 
(a) RACE TEMPERATURES. 





(b) HEAT TRANSFERRED TO LUBRICATING OIL 
5 
I 
Figure 8 - Comparison of calculated and experiinental 
bearing data using a diametral clearance of 4.02 mm 
i n  the computer program. Shaft speed, 25 500 rpm; 
radial load, 8900 N (2000 Ib); lubricant volume, 
2 percent. 
a I 
lo i 1 1 6 8 10 
TOTAL OIL FLOW RATE, m31min 
--- CLEARANCE 
 
CONTACT W lTH 
J 
-13 
COLD, UNMOUNTED DUMETRAL CLEARANCE, mm 
Figure 9. - Calculated values d edfective hot mounted cleararce 
and fatigu2 life as functions of the cold, unmounted clear- 
ance. Shaft speed, 25 500 rpm; radial load, 8900 N (2000 Ib); 
oil f k  rate, 0.0102 cubic rrc.ter per minute (2 7 gallmin); 
lubricant volume, 2 percent 
(R5.61 
0 0 --- M R  RACE 
I u  OUTER RACE 
4a 
ia) RACE TEMEitAWRES. 
2 1 8 r  
A TEST (REF. 6) 
o CALCULATED 
P 1 0 1 h  
4 6 8 10 l&l~'~ 
TOTAL OIL FLOW RATE, m31min 
(b) HEAT TRANSFERRED TO LUBRICATING OIL 
Figure 10. - Ccmparison of calculated and test bearing data 
using an input cold diametral clearance of 0.09 mm in the 
computer program. Shaft speed, 25 500 rpm; radial load, 
8900 N (2000 Ib); lubricant volume, 2 percent 
Test Calculated 
(ref. 6) 
0 --- Inner race 
n 0 Outer race 
(a) Race temperatures. 
-.? - 5 S - s ~  Calculated A 
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Tdal oil f l w  rate, d m i n  
(b) Heat tranrterred to lubricating o i l  
Figure 11. - Comparison d cakulated and eqxrimental 
bearing data usirlg a coM diametral clearance of 0.09 mm 
in the computer program. Shaft speed, 20 000 rpm; ra- 
dial load, 8900 N (2000 Ib); lubricant volume, 2 percent 
A TEST (REF. 6 )  
CALCULATED 
TEST CALCULATED 
(REF. 6 )  
0 --- INNER RACE 
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(b) HEAT TRANSFERRED TO LUBRlCATlPIG OIL 
0 0 0 0 
Figure 1 2  - Comparison d test data with values calculated 
using a cold diametral clearance of 0.12 mm in the com- 
puter program. Shaft speed, 10 000 rpm; total oil flaw 
rate, 0.0102 cubic meter per minute (2.7 gallmin); !ubri- 
cant volume, 2 percent 
360- I 1 I 1 
(a) RACE TEMPERATURES. 
- - 
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CALCULATED HOT MOUNTED CLEARANCE, mm 
Figure 13. - Film thickness and contact load at the most 
hmily-losded roller as a function of caiculated hot, 
mounted clearance. Shaft speed, 25 500 rpm; lubricant 
volume, 2 percent; oil flavr rate, Q 0102 cubic meter per 
minute (2 7 gallmin); load, 8900 N 
HOT, 
m- --- INNER RACE 
Z 
MOUNTED 
OUTER RACE CLEARANCE, 
0 4 8 12 16 24 28 
ROtlER NUMBER 
Figure 14 - Roller-race contact load variation with roller pcsi- 
tion for tw9 values of clearance. Applied load at number 1 
roller position. Shaft speed, 25 500 rpm; radial load, 8900 N; 
flow rate, 0.0102cubic meter per minute (27 gallmin); lubri- 
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Figure 15. - Cage pocket forces as a function of roller number. 
Positive force is the cage pushing the roller. Bearing load at 
roller number 1. Shaft speed, 25 HX]  rpm; load, 8900 N; flow 
rate, 0.0102 cubic meter per minute (2 7 gallmin); lubricant 






Figure 16. - Roller-flange forces as a function of roller number. 
Misalinement angle, 5 minutes. Shaft speed, 25 500 rpm; load, 
8900 N; lubricant flow rate, 0.0102cubic meter per minute 
(27 gallmin); lubricant volume, 2 percent; bearing load at 






Figure 17. - Roller relative skew zngle as a function of roller 
position. Bearing load of 8900 N at roller number 1 position. 
Misalinement angle, 5 minutes. Shaft speed, 25 500 rpm; 
lubricant flow rate, 0.0102 cubic meter per minute (2.7 gal l  
min); lubricant volume, 2 percent. 
